Abstract. During the design stage of a spacecraft it is important to carry out a thorough analysis of potential onboard equipment failures in order to develop means of their mitigation so that the satellite would remain fully functional for the entirety of its lifespan. The article demonstrates an idea towards establishing a backup satellite attitude control system based on the photovoltaic array of the power control system.
Introduction
Space environment makes a significant impact on spacecraft's components. For example, during the solar flares the intensity of the Sun wind could increase by several orders of magnitude. This could potentially lead to failures or incorrect operation of onboard electronics. Operation of a spacecraft with failed equipment could lead to a significant performance decrease up to a total loss of functionality.
Problem definition
An attitude control system breakdown is an example of a failure that significantly impairs satellite's performance. Incorrect operation of attitude control effectors usually is non-reparable in space conditions and can lead to the loss of control of spacecraft's orientation. However, these type of failures are not very common.
Maintaining correct operation of satellite's onboard measuring instruments is another problem caused by the conditions of the space environment [1] . Primary information is formed based on the measurement data in order to generate the control moment of the satellite's effectors. Incorrect operation of onboard measuring instruments in the mode of compensation of microaccelerations on the experimental unit of the "Aist" small satellite did not allow the magnetic effectors of scientific equipment "MAGKOM" to reduce the angular velocity of rotation of the spacecraft to the target values. Moreover, as the authors of [2] point out, the control moment in some cases increased rather than reduced the angular velocity of the "Aist" small satellite.
In the event of a failure in the attitude control system of the onboard control complex, usually, spacecraft transitions into an undirected flight for the time necessary for the automated elimination of this failure by utilizing hardware (switching between onboard equipment sets, structural adjustment, etc.) and functional reserves (return to stable operating modes, establishing a new program of operation of on-board equipment that would be able to work around the failure, etc.). Generally, redundancy with backup hardware allows to restore the working capacity of the spacecraft in most cases. However, in a number of situations, for example, when all backup sets fail, this approach is ineffective. If the standard methods of performance restoration are unavailable or ineffective, the satellite might enter a critical state, for example, dangerous battery discharge levels, leading to the complete loss of functionality.
Creation of on-board software, able to integrate the functions of instruments and systems, allows to increase survivability and extend the life of the spacecraft by redistributing functions between operational equipment and implementing new logic of work [3] .
Thus, the search for new solutions for providing means of functional redundancy of the on-board equipment, their implementation at the satellite's design stage and implementation on board at the stage of regular operation will increase the likelihood of successful operation of the spacecraft and potentially extend its lifespan.
In this paper, the implementation of the backup satellite attitude control system based on the use of the photovoltaic array of the power supply system is presented. The problem of satellite's attitude control using data on the electric current values from the photovoltaic arrays has been considered before. For example, the paper [4] describes a similar problem. However, the satellite considered in that paper had its photovoltaic array mounted on foldable panels. Since these panels are naturally oscillating during the satellite's operation [5] , the problem, described in [4] looks to be more complex.
The paper [6] considered a similar problem. However, it only took into account the data from a single panel, that was processed using the Kalman filtering. Another similar approach was discussed in [7] . Only four out of six outer panels of the nanosatellite were covered with solar cells and the spacecraft was stabilized by rotation around the longitudinal axis, imposing certain limitations on the attitude control algorithm. It is also worth noticing, that for a satellite with six side panels a situation, when a significant charge current flows from all six faces due to the Earth's albedo is not uncommon. The problem of correct data analysis in this situation was considered in [8] .
4 Algorithm for evaluation of rotary motion of a small satellite "Aist" small satellite has a solar battery. Photovoltaic cells are glued to five of the six panels of the body. In addition, there is a separate solar panel, which is installed on top of the sixth panel of satellite. The solar battery is made on the basis of three-stage arsenide-gallium photovoltaics.
The satellite does not have a system of orientation and stabilization. Its shape is close to the cube, and the center of mass is in the vicinity of the geometric center of the cube. The satellite makes a non-oriented flight and rotates at an angular velocity in the range from 0.3 to 1.3 0 /s. The photovoltaic array of the "Aist" small satellite produces electrical current proportional to the cosine of the angle of incidence of the Sun's rays from the normal to the active surface. The first approximation of the value of the current's strength will be:
where i sc -current value of the solar cell of the corresponding type (Si, GaAs, CdTe, etc.). The figure 1 shows graphs of the current produced as a function of time.
The position of each solar cell is defined in the base coordinate system and is described by a unit vector n sci coinciding with the normal to its operating surface.
The satellite control system records telemetry information with a specified frequency including the electric current values from solar cells. Knowing i cur it is possible to define a conical surface, whose generatrix contains the vector of direction to the Sun R. In general, three of the six faces of the outer surface of the satellite are facing the Sun. In other words, three normals to the surfaces of photovoltaic arrays located on different faces of the satellite form sharp angles with the direction toward the Sun. They can be estimated using equation (1) . These angles can be related to the Euler angles between the bound and heliocentric coordinate systems, assuming that the spacecraft is a material point:
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We are using the normalization condition as a verification for the estimation of the Euler angles using system (equation (2)), which, taking equation (2) into account, will take the following form: 2 cos cos cos 3
Equation (3) can serve as a criterion for the admissibility of application of equation (1) for estimating the angles between the normals to the working surfaces of photoconverters and the direction to the Sun.
The position of the coupled coordinate system relative to the geocentric orbital coordinate system can be found by using the corresponding rotation matrices from the heliocentric first to the fixed geocentric, and then to the geocentric orbital coordinate system.
The model should take the following factors into account:
1. the position of the satellite in the geocentric coordinate system and the orbital parameters at each moment of time should be known with the required accuracy (can be ensured by processing signals of the GLONASS and GPS systems with the necessary frequency); 2. the direction to the Sun must be calculated constantly with the required accuracy, based on the data on the position of the satellite in orbit and the time of year; 3. the currents from the solar panels, placed on not more than three adjacent faces of the satellite, should be taken into account in the orientation calculation, based on the knowledge of the direction vector on the Sun in the associated coordinate system, 4. the photoconverters should not be shaded by external elements of the satellite; 5. the Earth's albedo; 6. the solar battery produces electric current at an angle of incidence of sunlight on its surface more than 150.
In the figure 1 cases of shading of the solar battery by external antennas (factor 4), the effect on the current value of the earth's albedo (factor 4), as well as the illustration of factor 6 are noted.
Numerical simulation for the flight unit of the "Aist"small satellite
With the purpose of approbation of the possibility of using the proposed algorithm in practice, we evaluate its performance on the example of the flight unit of the "Aist" small satellite (figure 2). The "Aist" small satellite was put into orbit on 21.04.2013 by its separation from the spacecraft "Bion-M" No. 1, operating in a near-circular orbit with height of about 570 km and inclination of 64.9o. Its mass, together with the separation device, was 53 kg. The "Aist" did not have a full-fledged attitude control system for orbital motion, but it was capable to reduce its rotation velocity around the center of mass due to the interaction of electromagnets with the magnetic field of the Earth [5] . Electromagnets were part of the MAGKOM scientific equipment ( figure 3 ) and provided the control moment for reducing the angular velocity of rotation of the satellite. Electromagnets were switched on twice during the operation period of the flight unit of the "Aist" small satellite. In both cases they were able to reduce the angular velocity of its rotation.
The measurements of the Earth's magnetic field, obtained using onboard magnetometers of the MAGKOM scientific equipment (figure 4), were used as primary information for the control of electromagnets. Since the electromagnets on the flight unit of the "Aist" small satellite had worked as intended, the recorded data of measurements of the Earth's magnetic field can be considered correct within the scope of the paper. These measurements will serve as a benchmark for assessing the possibility of determining the parameters of the rotational motion of the satellite, using data on the electric current values from solar cells.
It should be noted, that in telemetric information the electric current values from the solar cells were recorded with a measurement interval of 1 min. Therefore, in this paper we are not able to make estimations of the accuracy of determining the parameters of rotational motion, but only about the principle possibility of such an estimate intervals. This is why the estimate of the average value of the angular velocity modulus using magnetometer data was carried out using the maximum likelihood method [9] :
In equation (5): The results of estimating the average value of the angular velocity modulus using: 1 -the first magnetometer sensor; 2 -the second magnetometer sensor; 3 -using the proposed algorithm
As can be seen from the presented results, the differences between the estimates of the angular velocity of rotation of the small satellite by two different magnetometers are more significant than between the magnetometers and the proposed algorithm. This clearly demonstrates the possibility of correct estimation of the parameters of the rotational motion of a small spacecraft using electric current data from solar cells and the proposed evaluation algorithm.
To improve the accuracy of the estimation of rotational motion parameters, the proposed algorithm should measure the current from solar cells no less than once in two seconds.
If the spacecraft has solar cells mounted on deployable panels, then for correct use of the proposed algorithm it is necessary to place photoconverters not only on the panels themselves, but also on different faces of the external surface of the spacecraft, since the proposed algorithm requires knowing the orientation of the three vectors of the normal to the faces of the spacecraft relative to the Sun.
Conclusion
It is possible to estimate the parameters of the rotational motion of a spacecraft that has its outer surface covered with photoconverters. Using data on the electric current values from solar cells.
The proposed algorithm can be used both by itself and together with others. The combination of two methods of orientation on one satellite (as a primary and backup), taking into account specific recommendations for switching from one orientation mode to another and back, requires the development and implementation of special software, but it also provides an additional positive effect -increase of the survivability of the satellite.
